Analytical and numerical simulations are carried out in order to identify physical parameters affecting acoustic and motion control by viscoelastic piezo-electric and material damping. Numerical simulations in terms of critical parameters, such as relaxation functions of the structure and piezo-electric devices, aerodynamic coefficients, Mach number, are carried out to evaluate their sensitivity to system responses, sensing and structural control.
as well as crew and passenger discomfort. While efficient aerodynamic design may lead to some noise reduction, its ultimate disposal can only be achieved through light weight energy dissipation devices, such as material damping or piezo-electric generated potentials used for either active or passive motion and sound control.
Although these noise problems are inherently stochastic, the present pilot simulations are deterministic in order to reduce the number of contributing parameters and to gain fundamental insight into the physical phenomena. The present analysis, then, deals with the union and interaction of several areas: aeroacoustics, aeroelasticity, viscoelastic materials, piezoelectric effects and damping to produce motions of small amplitudes and decaying sound transmissions. Aerodynamic noise generated by a variety of flows has been studied extensively since first systematically analyzed by Lighthill (1952 Lighthill ( , 1954 and subsequently expanded by Cremer et al. (1988) , Goldstein (1976) and Hubbard (1991) , among others. Additional extensive aerodynamic noise treatises may be found in Atassi (1993) , Beranek (1971) , Crighton et al. (1992) , Hardin & Hussaini (1993) and Junger & Feit (1986) . The theory of aeroelasticity is well established and may be found described in detail in such classical texts as Bisplinghoff et al. (1955) , Dowell (1975) and Dowell et al. (1988 Dowell et al. ( , 1995 . Analyses of viscoelastic damping effects (Cao & Mlejnek 1995 , Hilton 1957 , 1960 , 1991a Hilton & Vail 1993; Unger 1971; Yi et al. 1996) have shown that energy dissipation due to material and/or structural damping may produce either stabilizing or destabilizing contributions to the system's self-excited dynamic motion depending on phase relationships of the state variables. For instance, this phenomenon leads to viscoelastic flutter velocities which are either smaller or larger than corresponding elastic ones for aerodynamically, dynamically and geometrically identical lifting surfaces.
Piezoelectric control of elastic and viscoelastic structures has been demonstrated in numerous publications, which have been discussed by Hilton et al. (1997) . Recent formulations and analyses of piezo-aero-thermoviscoelastic effects by Beldica et al. (1998) and Hilton & Yi (1998) have demonstrated that sufficient power can be generated by viscoelastic piezo-electric light weight material strips to effectively influence and control static and dynamic motion.
Viscoelastic material properties may be found for polymers in Nashif et al. (1985) , for metals in Lazan (1968) and piezo-viscoelastic properties are displayed in Holloway & Vinagradov (1997) and in Vinagradov & Holloway (1997) .
ANALYSIS
In this first of a series of studies on the interaction of viscoelastic, structural and piezo-electric damping and its interaction with aerodynamic noise, only simple idealized conditions are considered in order to gain a fundamental understanding of the governing physics and mathematics of these phenomena. To this end, only deterministic conditions will be considered here, although stochastic influences from material properties, temperatures, geometries, aerodynamic pressure fluctuations are undeniably present in real physical problems. [See Hilton et al. (1991b) for a literature review, and analysis and evaluation of viscoelastic stochastic material property effects.] Lighthill's (1952 Lighthill's ( , 1954 formulation of the acoustic pressure, p(x, t), problem can be solved for a number of conditions (Goldstein 1976) . For illustrative damping purposes of the present paper, a simple harmonic motion version of the pressure differential over a thin plate given by Sears (1941) is selected, where
where 
for high frequencies and where F is the complex Fresnel integral defined as (Abramowitz & Stegun 1964)
For low frequencies, the Sears function becomes
and the J n are Bessel functions.
The large deformation constitutive relations at constant temperatures in curvilinear coordinates θ i for viscoelastic piezo-electric materials have been formulated
by Hilton et al. (1997) as Hilton et al. (1997) . Eqs. (8) and (9) can, if desired, be reduced to linear expressions.
All relaxation functions depend on environmental conditions and in nonlinear cases on strain rates as well, such that excluding material aging and manufacturing effects any φ(θ, t, t ) = φ [θ, t, t , M(θ, t ) , T (θ, t ),
M ) the temperature,İ = {İ i (θ, t)} the three fundamental strain rate invariants. In particular, relaxation functions denoted by the superscript E, but also all other φs, can additionally and independently be made functions of an invariant of E l (the viscoelastic electrical field intensity vectors), such as I E e (θ, t) = tr{ E l }, resulting in nonlinear material property electrical intensity effects or conversely exhibiting a dependency on electric dis-
represents either of these electric invariants.
The functional dependence of any and all of the above nonlinear anisotropic relaxation functions can in general be defined as 
with τ m 0 = τ p 0 = τ E 0 = ∞ and where the superscripts m, p and E respectively refer to structural, piezoelectric device and to piezoelectric voltage-deformation viscoelastic material properties. The additional factor c E > 0 allows for a time shift of the PVM properties relative to the structural ones, and a value of unity indicates that the relaxation times τ E n are sufficient to describe any time shifts between material and piezoelectric viscoelastic responses.
If structural damping is included, then the modulus and relaxation function representing structural viscoelastic properties must be modified to include the 90
• out of phase component due to Coulomb friction, or the leading terms must read
where g ik jl and g ≥ 0 are the time and frequency independent structural damping coefficients (Hilton 1991a , Hilton & Vail 1993 .
In order to reduce the number of parameters to a minimum, a deterministic problem consisting of a rigid lifting surface on a flexible support ( If one designates the vertical and rotational motions respectively by h(t) and α(t), then the lift force L on the plate with surface area 2 c b due to sound and motion is
where
and
Similarly the aerodynamic moment is defined as
where e(t) is the moment arm between the center of pressure and the rotation point on L 1 .
The uniform strain in the homogeneous L 2 bars can be determined geometrically as
The governing relations of this linear system now be-
force due to viscoelastic L2 rods
where either D(t) or E(t) or the total displacement of the L 2 rods is prescribed for either control or damping. The effective relaxation function φ due to L 2 and piezoelectric device responses with areas A L2 and A P is
The generic aerodynamic pressure (noise) F 3 , while in the previous section was associated with a simple harmonic pressure fluctuation of Eq. (1) 
Alternately, in order to avoid integral-differential equations, one can represent the anisotropic integral constitutive relations (8) and (9) as differential equations in the form
This now results in a set of three simultaneous DEs of
, which ever is the largest.
The equivalent set of Eqs. (22) correspondingly changes to
Thus the original three high order DEs (26) As an alternate approach in the real time domain, it is possible to retain the integrals in Eqs. (18) - (20) and evaluate the system in terms of finite differences in time using the analysis developed by Yi & Hilton (1994) .
The second solution protocol involving integral Fourier transforms (FT), provided U r and e are time independent, leads to the following for the rigid lifting surface
Column 2
with the caveat of Eqs. (12) 
or for predetermined E(t), the "simpler" set becomes
where D is defined by Eq. (32) Another approach is to use Schapery's (1962) inversion scheme based on the approximation
However, while highly simple and convenient, the method's accuracy needs to be tested on a case by case basis in dynamic problems.
While the above relations only show electrical field intensity vectors, strains are directly translatable into voltages V, or vice versa, through the voltagedeformation (strain) constitutive relations
where ψ E P is the piezoelectric creep function. The isotropic constitutive relations, Eqs. (13), (14) and (36), show that piezo-electro-viscoelasticity requires four distinct relaxation functions for material characterization (structure, piezo device, voltage-deformation).
DISCUSSION OF RESULTS
For a simple harmonic input (SHI), F (t) = {F A (ı Ω) exp(ı 2 π Ω t)} where F A is the complex amplitude, all responses will be simple harmonic in these linear systems, with the forcing frequencies Ω (Hz). The FT of any variable then can be used to evaluate complex amplitudes from appropriate relationships, since the FT of the exponential functions factor out. For instance, from Eq. (36) one obtains for SHI
CONCLUSIONS
Light weight piezo-electric viscoelastic devices can be effectively used to actively or passively control flight vehicle structural response to aerodynamic noise. This can be accomplished by providing suitable piezo-electric input voltages, by prescribed electric displacements or by controlling the output emf through appropriate resistors. Abramowitz, M. and Stegun, I.A. Eds. (1964) 
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